Glucagon is the main secretory product of the pancreatic alpha-cells. The main function of this peptide hormone is to provide sustained glucose supply to the brain and other vital organs during fasting conditions. This is exerted by stimulation of hepatic glucose production via specific G proteincoupled receptors in the hepatocytes. Type 2 diabetic patients are characterized by elevated glucagon levels contributing decisively to hyperglycemia in these patients. Accumulating evidence demonstrates that targeting the pancreatic alpha-cell and its main secretory product glucagon is a possible treatment for type 2 diabetes. Several lines of preclinical evidence have paved the way for the development of drugs, which suppress glucagon secretion or antagonize the glucagon receptor. In this review, the physiological actions of glucagon and the role of glucagon in type 2 diabetic pathophysiology are outlined. Furthermore, potential advantages and limitations of antagonizing the glucagon receptor or suppressing glucagon secretion in the treatment of type 2 diabetes are discussed with a focus on already marketed drugs and drugs in clinical development. It is concluded that the development of novel glucagon receptor antagonists are confronted with several safety issues. At present, available pharmacological agents based on the glucose-dependent glucagonostatic effects of GLP-1 represent the most favorable way to apply constraints to the alpha-cell in type 2 diabetes.
Introduction
lucagon is a 29-amino acid peptide hormone, the main secretory product of the pancreatic alpha-cells, acting to increase plasma glucose levels. The secretion of glucagon from the alpha-cell is regulated by multiple physiological and pharmacological factors, with hypoglycemia constituting the most potent glucagonotropic stimulus [1] . Traditionally, glucagon has been viewed as a hormone that opposes the action of insulin in the liver. In the portal vein, the insulin-to-glucagon ratio (insulin:glucagon) is thought to control the rates of gluconeogenesis, glycogenesis, and glycogenolysis comprising pivotal mechanisms for the control of glucose metabolism; mechanisms which suffer from severe disruptions in diabetes.
Therefore, over the last decades, glucagon has attracted a lot of interest from a physiological perspective. However, from a pharmacological perspective, glucagon has not gained much attention until recently when drugs based on the naturally occurring glucagon-suppressive peptides glucagonlike peptide-1 (GLP-1) (released into the circulation from enteroendocrine L-cells upon food ingestion) and amylin (co-secreted with insulin from pancreatic beta-cells) were developed for the treatment of diabetes. Furthermore, the current investigation of several small molecule glucagon receptor (Gcgr) antagonists for clinical use centers glucagon as one of the key hormones in the pathophysiological phenotype of type 2 diabetes and in the treatment of type 2 diabetic hyperglycemia. In this review, the physiological actions of glucagon
Glucagon measurement and glucagon physiology
Glucagon is the result of posttranslational processing of proglucagon, a molecule of 160 amino acids produced in pancreatic alpha-cells. The pancreatic processing of proglucagon to glucagon involves cleavage by the enzyme prohormone convertase 2 resulting in liberation of glicentinrelated pancreatic peptide (proglucagon 1-30), glucagon (proglucagon , and a major proglucagon fragment (proglucagon 72-158) from the proglucagon moiety. Apart from glucagon, these fragments have been shown to be biologically inactive. This is in contrast to the intestinal processing of proglucagon which occurs in the endocrine Lcells of the intestinal mucosa. In L-cells, prohormone convertase 1 cleaves proglucagon to glicentin (proglucagon , which is further cleaved to glicentin-related pancreatic peptide (proglucagon and oxyntomodulin (proglucagon , and the glucagon-like peptides, GLP-1 (proglucagon and GLP-2 (proglucagon 126-158) [2] .
The concentrations of glucagon in the plasma are low, with fasting concentrations in healthy individuals around 6-10 pmol/l [3] . Being an essential part of glucose regulation, glucagon secretion is tightly linked to the plasma concentrations of glucose. Thus, when glucose levels are lowered to 2-3 mmol/l glucagon levels rise several times (up to 40 pmol/l), and when glucose levels are elevated (to around 10-12 mmol/l) glucagon levels in plasma decrease down to 1-2 pmol/l [3] . The dynamics of glucagon secretion are therefore displayed within a relative small concentration interval, which represents a technical challenge, since many assays have a lower limit of quantification around 10-15 pmol/l. An assay with a detection limit in the low picomolar range measuring the Cterminal end of fully processed glucagon is therefore essential when investigating glucagon physiology and evaluating therapies exerting suppressive effects on alpha-cells. This difficulty represents a major caveat when assessing trials reporting glucagon values.
As mentioned, the main stimulus for pancreatic glucagon secretion is hypoglycemia, but certain amino acids, and activity in the autonomic nervous system, stimulate the release of glucagon from pancreatic alpha-cells as well. Glucagon secretion is pulsatile with distinct secretory bursts occurring every 5 minutes, correlating inversely to the well-known pulses of insulin secretory bursts [4, 5] . Following secretion into the portal circulation glucagon targets its primary site of action, the liver. The actions of glucagon in the liver are complex. They involve binding to the Gcgr, a G protein-coupled receptor, located in the plasma membrane, which results in amplification of signal transduction cascades and regulation of transcription factors. Ultimately, this has a stimulatory effect on hepatic glucose production [1] . Gcgr primarily acts through activation of adenylate cyclase and subsequent increase in intracellular cyclic AMP concentrations. However, Gcgr is also coupled to a Ca 2+ -mediated signaling pathway [6] . In humans, glucagon-stimulated hepatic glucose production predominates glycogenesis during the fasting state, and ensures sufficient plasma glucose levels to accommodate the needs of glucose-consuming organs. In contrast, glucagon secretion is suppressed and insulin secretion increased following carbohydrate ingestion in healthy subjects. This changes the balance towards hepatic glycogen storage and peripheral glucose uptake, especially in muscle tissue. Thus, in healthy individuals, the balance of glucagon suppression and stimulation contributes vitally to maintain normoglycemia.
In addition to the liver, the Gcgr is expressed in other tissues, including adipose tissue, pancreas, the gastrointestinal tract, heart, brain, and kidney, suggesting a broader physiological role beyond glucose homeostasis. However the physiological significance of most of the human extrahepatic effects of glucagon are unknown, as exemplified by the measurable effects of glucagon on human isolated adipocytes [7] , and lack thereof in in vivo studies [8] . Nevertheless, in supraphysiological doses, the extrahepatic effects of glucagon become clearer (Figure 1 ). Thus, glucagon has been used as a drug in emergency medicine to counteract hypoglycemia and for its inotropic and chronotropic cardiac effects as a part of the treatment against cardiodepressive drug overdoses [9, 10] . Furthermore, at supraphysiological levels, glucagon has been shown to decrease appetite and food intake in humans, possibly via centrally mediated Gcgr activation combined with inhibitory effects on gastrointestinal motility including gastric emptying [11] [12] [13] (Figure 1 ). Finally, indirect calorimetry studies in humans have demonstrated that glucagon may increase the rate of energy expenditure [14] .
Diabetic hyperglucagonemia
The finely tuned balance of the two major pancreatic hormones, insulin and glucagon, is perturbed in type 2 diabetic subjects. These patients feature a bihormonal disorder where absolute insulin insufficiency or relative lack of insulin (in relation to prevailing insulin resistance) are present alongside fasting and postprandial hyperglucagonemia. It is important to note that the level of glucagon is undesirably high in the specific context of hyperglycemia and hyperinsulinemia, whereas in untreated type 2 diabetes the level is sometimes not elevated in absolute terms [15] . Interestingly, it has recently been reported that the well-known disturbed pulsatility of insulin secretion in type 2 diabetes [16] is present alongside a disturbed glucagon pulsatility (higher pulse mass in patients with type 2 diabetes), possibly contributing to the hyperglucagonemia in these patients [5] .
The "bihormonal hypothesis", i.e. the notion that the combination of elevated glucagon and relative lack of insulin is a major determinant in diabetic hyperglycemia, was first proposed by Unger and Orci in 1975 [17] , and has since then been a matter of controversy [15, 18] . Key arguments against the concept of glucagon as a major contributor to diabetic hyperglycemia are that hyperglycemia and ketoacidosis occurs despite pancreatectomy in man [19] , and that most of the scientific evidence demonstrating hyperglycemic effects of glucagon have used the somatostatin clamp method. The somatostatin clamp technique consists of a somatostatin infusion to suppress endogenous glucagon and insulin secretion. This technique allows plasma concentrations of glucagon and insulin to be clamped at pre-specified levels by exogenous administration. However, beside suppression of glucagon, the clamp technique affects several non-glucagon-mediated mechanisms involved in glucose homeostasis [20] . Pancreatectomy as a model for diabetes without glucagon is still a matter of controversy, because of the unclear physiological role of extrapancreatic glucagon [21] , and the limitations in determining the origin and exact size of the glucagon measured with the current glucagon assays. However, in past decades, increasing evidence, including various interventions targeting glucagon secretion, has emerged to unequivocally support the role of fasting and postprandial hyperglucagonemia as major contributing factors for the elevated levels of blood glucose that characterize diabetes [15] .
It is well established now that elevated levels of glucagon lead to increased rates of hepatic glucose output, and thereby to the elevation of postabsorptive and postprandial blood glucose levels in type 2 diabetes. In fact, studies indicate that In the central nervous system, glucagon mediates satiety. Other possible central effects of glucagon are increased energy expenditure and, on the longer term, body weight reduction. In the gastrointestinal (GI) tract, glucagon reduces motility and may slow gastric emptying. In the pancreas, glucagon induces insulin release and exerts feedback inhibition of glucagon release. In the liver, glucagon increases hepatic glucose production and affects amino acid metabolism and lipid metabolism. In the heart, glucagon increases contractility and heart rate.
postabsorptive hyperglucagonemia can be regarded as responsible for ∼50% of the pathological increment in plasma glucose excursions following oral glucose ingestion in diabetics [22] [23] [24] . Interestingly, in the postprandial state, the prevailing hyperglucagonemia is aggravated by the oral intake of glucose (compared to intravenous administration producing the same plasma glucose excursions). This implies that gut-derived factors contribute to the derangement of postprandial glucagon responses [25, 26] , or possibly that measurable glucagon is released from the intestine [27] .
As previously mentioned, the derangement of glucagon secretion occurs not only in the postprandial state. Several studies have demonstrated that fasting glucagon levels are positively correlated with fasting blood glucose levels and basal rates of hepatic glucose production in patients with type 2 diabetes [28, 29] . This finding illustrates again the importance of the contribution of increased hepatic glucose production to diabetes. Whereas, the mechanisms for hyperglucagonemia in the fasting and the postprandial state are not entirely identical; both pathophysiological characteristics suggest suppression of glucagon secretion/action throughout the day as a therapeutic target.
Targeting the alpha-cell -preclinical data

Lack of glucagon receptors
A good model to examine complete absence of Gcgr activation is in transgenic mice with targeted disruption of the Gcgr gene (Gcgr -/-mice). Phenotypically, Gcgr -/-mice display significantly lower fasting and postprandial plasma glucose levels and improved oral glucose tolerance compared to wild-type mice [30] [31] [32] . Common features are also elevated circulating glucagon concentrations and, nonetheless, normal insulin levels and lipidemia relative to wild-type mice [30] . Interestingly, these mice without functional Gcgrs are not prone to hypoglycemia, although long-term fasting (24 hours) could provoke severe hypoglycemia in these animals compared to wild-type littermates [31] . It is also worthwhile to note that the hyperglucagonemia in Gcgr -/-mice is accompanied by hyperplasia of the pancreatic alpha-cells, and, to a lesser degree, also delta-cells [31] .
Although not evident in all preclinical models, Gcgr signaling has been implicated in the regulation of circulating triglycerides and lipoprotein accumulation [33] . Gcgr -/-hepatocytes exhibit profound defects in lipid oxidation, and accumulate excessive lipid deposition in the liver during fasting. Transcriptional and proteomic profiling of liver tissue and metabolomic analysis of plasma from Gcgr -/-mice demonstrated that the animals feature downregulation of gluconeogenesis, amino acid catabolism, and fatty acid oxidation processes. In contrast, glycolysis, fatty acid synthesis, and cholesterol biosynthetic processes are significantly upregulated [34] . These changes at the level of the liver were manifested through an altered plasma metabolite profile in the receptor knock-out mice. This profile includes decreased glucose and glucose-derived metabolites, and increased amino acids, cholesterol, and bile acid levels [34] . A very recent and remarkable finding by Unger and co-workers was the observation that streptozotocin-induced beta-cell destruction did not cause the expected hyperglycemic and catabolic disorders in Gcgr -/-mice [35] . This study exemplifies the importance of glucagon signaling in the pathophysiology of streptozotocin-induced diabetes in mice, and raises questions regarding the possible implications for human diabetes [36] .
Another artful way to reduce hepatic Gcgr signaling in strains of diabetic mice is to administer Gcgr antisense oligonucleotides. Repeated parenteral administration of Gcgr antisense oligonucleotides in various rodent obesity and/or diabetes models significantly reduced blood glucose levels, serum and liver triglycerides, and improved glucose tolerance [37, 38] . Despite decreased Gcgr expression and increased glucagon levels, there was no hypoglycemia [37] . However, elevated concentrations of plasma glucagon in Gcgr antisense oligonucleotide-treated rodents were accompanied by pancreatic alpha-cell hypertrophy in most models. Also, some models exhibited marked alpha-cell hyperplasia [38] . An interesting finding was that Gcgr antisense oligonucleotide treatment increased alpha-cell expression of active GLP-1 and insulin levels in pancreatic islets. Therefore, it is conceivable that the proglucagon processing exhibit some degree of plasticity, which may contribute to the regulation of glucose metabolism [38] .
Neutralizing antibodies against glucagons
Neutralizing monoclonal antibodies against glucagon have also been used as an instrument to study the effect of selective glucagon deficiency [39, 40] . The applicability of this model was con-firmed in non-diabetic rats by demonstrating that high-affinity monoclonal antibodies to glucagon completely abolished the hyperglycemic effect of exogenous glucagon [39] . In streptozotocin-treated diabetic rats, glucagon antibodies abolished the otherwise prominent increase in postprandial blood glucose [39] . Likewise, in rabbits with reduced or nonexistent beta-cells due to alloxan treatment, glucagon antibodies essentially normalized fasting glucose levels. Interestingly, the elevated glucagon levels were estimated (from clamp studies) to contribute to half of the total basal endogenous glucose production [40] .
Deletion of alpha-cells
Another interesting model of reduced glucagon action is the transgenic mouse with a deletion of the alpha-cell transcription factor Arx, resulting in a complete loss of the glucagon-producing pancreatic alpha-cells [41] . These mice without alphacells have reduced fasting glucose, improved glucose tolerance, and showed resistance to hyperglycemia following destruction of beta-cells by streptozotocin treatment. These observations underline again the pivotal role of alpha-cells and glucagon in glucose metabolism and the potential pharmacological advantage of suppressing/blocking glucagon secretion in the treatment of type 2 diabetes.
Antagonizing the glucagon receptor
An approach to reduce glucagon signaling with a larger therapeutic applicability is to administer Gcgr antagonising agents. Initial studies employing a peptide antagonist administered to diabetic (streptozotocin-treated) rats provided proof of concept by demonstrating clear-cut dose-dependent blood glucose reductions by up to two-thirds [42] . Similarly, several other Gcgr antagonists have demonstrated suppression of blood glucose levels in various animal models [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . Some of these diverse Gcgr antagonists differ regarding their mechanism of action, oral bioavailability, and selectivity towards Gcgr compared with closely related class II family G protein-coupled receptors (e.g. receptors for glucose-dependent insulinotropic polypeptide (GIP), GLP-1 and GLP-2) [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] .
Thus, combined data from preclinical observations suggest that glucagon plays an important physiological role in determining fasting and postprandial glucose levels, with an estimated contribution of glucagon to post-absorptive rates of endogenous glucose production by fifty percent. These preclinical models confirm the observations from human studies (employing somatostatin clamps), and indicate that the absence of glucagon to some degree reduces the effects of insulinopenia or insulin resistance by decreasing endogenous hepatic glucose production without overt safety issues.
Targeting the glucagon receptorclinical data
Interestingly, reports of human mutations in the Gcgr gene suggest common phenotypical features with extreme hyperglucagonemia and marked pancreatic hyperplasia presenting with an abdominal tumor [56] [57] [58] . Despite the absence of glucagon signaling, the patients did not exhibit disrupted glycemic control or dyslipidemia and only vague clinical signs and symptoms, mostly ascribed to the abdominal mass [56] . Because of the benign clinical course described in these patients, the development of pharmacological agents blocking the glucagons receptor was not discontinued.
Glucagon receptor antagonism
Based on the encouraging preclinical data (as outlined above) demonstrating improved metabolic outcome measures, several Gcgr antagonists have been put forth into clinical development. The first of this kind, the orally available glucagon antagonist, BAY 27-995, blocked the effects of exogenous glucagon during a somatostatin clamp experiment in healthy males [59] . Without BAY 27-995, plasma glucose concentrations increased from basal values of about 5 mmol/l to about 10 mmol/l during the hyperglucagonemic period (due to an increase in hepatic glucose production). With administration of BAY 27-995, blood glucose concentrations decreased dose-dependently (stimulated by exogenous glucagon infusion during a somatostatin clamp) from 10 mmol/l to mean levels of 7.6 mmol/l by lowering the rates of endogenous glucose production. However, BAY 27-995 was abandoned in clinical development without a publicly available rationale. Nevertheless, the development of Gcgr antagonists have remained a research focus of the pharmaceutical industry [60] . Very recently, human experimental data on two putative Gcgr antagonists in clinical development were presented at scientific meetings [61] [62] [63] [64] [65] [66] [67] [68] .
The glucagon receptor antagonist MK-0893
In a phase II study, 342 type 2 diabetic patients were randomized to once-daily administra-tion of the glucagon antagonist MK-0893 in four different dosages, metformin, or placebo [65] . At 12 weeks, treatment with MK-0893 resulted in significant, dose-dependent reductions in fasting and postprandial plasma glucose. From baseline, fasting values (10-11 mmol/l) were reduced by 3.5 mmol/l with MK-0893 compared to 2 mmol/l with metformin and 0.1 mmol/l with placebo. The resulting reductions in HbA1c at 12 weeks ranged from 0.6 to 1.5% with MK-0893, compared to 0.8% with metformin and 0.5% with placebo. Similarly, low incidences of hypoglycemia were observed across all groups. However, at the same time, LDL cholesterol was dose-dependently increased from baseline, and MK-0893 also increased liver transaminases. Furthermore, MK-0893 dosedependently increased body weight (+2.3 kg (80 mg) versus -1.0/-0.9 kg (metformin/placebo). One trial has reported that treatment with MK-0893 resulted in increased blood pressure in patients with type 2 diabetes [66] .
Another phase II study investigated the efficacy and safety of MK-0893 in combination with metformin or the dipeptidyl peptidase 4 (DPP-4) inhibitors (sitagliptin) in 146 patients with type 2 diabetes [64] . MK-0893 plus metformin was superior to both sitagliptin plus metformin and MK-0893 plus sitagliptin in lowering fasting plasma glucose and 24-hour weighted mean glucose (reductions of 6.5 mmol/l, 5.6 mmol/l, and 4.7 mmol/l, respectively). The results could suggest some overlap in effect when combining the glucagon antagonist with sitagliptin, which is known to suppress glucagon. The liver transminases were elevated in groups treated with combinations of MK-0893 and another drug. Also, total cholesterol and LDL cholesterol were increased from baseline with MK-0893 plus sitagliptin, relative to reductions observed with MK-0893 plus metformin and sitagliptin plus metformin.
The potentially increased risk of hypoglycemia and the compromised ability to recover from hypoglycemia was specifically addressed in other studies [67, 68] . In order to determine whether MK-0893 increased the time to recovery after hypoglycemia, insulin-induced 30-min hypoglycemic clamps (2.8 mmol/l) were applied in 13 healthy males after single dose of placebo, low dose MK-0893 (∼60% blockade of the Gcgr signaling), or high dose MK-0893 (∼90% blockade of the Gcgr signaling) [67] . Recovery times to a plasma glucose level of 3.9 mmol/l were 33 min (placebo), 45 min (low-dose MK-0893), and 59 min (high-dose MK-0893). The recovery times during Gcgr blockade were influenced by adrenergic signaling (i.e. betaadrenergic blockade), but compensatory increments in the secretion of cortisol, glucagon, epinephrine, and/or growth hormone could be observed as well [68] . Very recently, the development of the MK-0893 compound was discontinued.
The glucagon receptor antagonist LY-2409021
In a phase I/II study, pharmacokinetic and pharmacodynamic parameters of 6 different single doses of LY-2409021 were assessed in 23 healthy subjects and 9 patients with type 2 diabetes [61] . Postprandial plasma glucose values were lowered by up to 0.6 mmol/l in the healthy subjects compared to 1.7 mmol/l in patients. No safety or tolerability issues were described. In another study, the ability of LY-2409021 to block endogenous glucose production was assessed during a somatostatin clamp experiment with exogenously induced hyperglucagonemia. LY-2409021 attenuated increases in both hepatic glucose production and blood glucose concentration by up to 84% and 81%, respectively. The lowering of plasma glucose levels was highly correlated to the reduction in hepatic glucose production, suggesting this to be the main causal mechanism.
Further studies were performed in 47 patients with type 2 diabetes randomized to either one of four doses of LY-2409021 once daily or metformin [62] . Patients had a mean baseline fasting blood glucose of 8.2 mmol/l, and a baseline HbA1c of 8%. By day 28, mean reductions in HbA1c were dosedependent and statistically significant compared with baseline in all treatment groups (0.7-1% with LY-2409021 compared to 0.5% with placebo). Reversible increases in fasting glucagon (up to 4.2-fold) and fasting active GLP-1 (up to 1.6-fold) compared with baseline were observed across all LY-2409021 dose levels. The agent was generally well tolerated, with infrequent reports of mild hypoglycemia (four mild to moderate hypoglycemic events were reported in the highest-dose group consisting of nine patients). Reversible elevations in liver transaminases (up to 3 times upper normal values) were seen in more than half of the patients in the highest-dose group, with no clinical signs or significant elevations in bilirubin or alkaline phosphatase.
Thus, when looking at the Gcgr antagonists as a drug class, some safety issues seem to exist concerning hypoglycemia, as expected, and concerning increases in liver enzymes and plasma lipids. The increases in lipids and liver enzymes could be as-sociated with the recent observation that glucagon stimulates oxidation of fatty acids in cryopreserved human hepatocytes (possibly fueling hepatic glucose production), and that Gcgr antagonism antagonizes this effect dose-dependently [69] . As aforementioned, the clinical developments of both BAY 27-995 and MK-0893 were discontinued as a probable consequence of safety issues, including elevated liver enzymes. LY-2409021 is still in clinical development.
Marketed drugs affecting alpha-cells
While drugs directly targeting glucagon signaling by Gcgr antagonism or Gcgr uncoupling are still in clinical development, several pharmacological compounds with profound effects on pancreatic alpha-cells are already in the market. Notably, these agents are not primarily developed to correct diabetic hyperglucagonemia. Therefore, a common feature is that the alpha-cell is not the only point of action, and suppression of glucagon could somehow be regarded as an added benefit of these agents. This may enable the glucagonostatic effects to be fully acclaimed and exploited for therapeutic purposes.
Incretin-based therapy
Incretin-based therapy comprises two major classes of drugs, namely the GLP-1 receptor agonists and the DPP-4 inhibitors (reviewed elsewhere in this issue [70, 71] ). These agents act by increasing GLP-1 receptor signaling either by administration of an exogenous GLP-1 analogue or enhancement of endogenous GLP-1 levels [72] . Activation of GLP-1 receptors effectively inhibits glucagon secretion in humans together with deceleration of gastric emptying, inhibition of food intake, and elevation of insulin secretion [72] .
The mechanism causing inhibition of glucagon secretion is not entirely clear. Insulin is generally thought to inhibit glucagon secretion. Local increments in insulin levels and other beta-cell products might inhibit alpha-cell secretion in a paracrine manner. However, the preserved and pronounced inhibitory effect of GLP-1 in type 1 diabetic patients without residual beta-cell function suggests that other mechanisms must also be involved [73] . A possibility is that GLP-1 via enhanced pancreatic somatostatin secretion from neighboring pancreatic delta-cells could inhibit glucagon secretion in a paracrine manner. This concept is supported by studies in the perfused rat pancreas, where the otherwise strong inhibition of glucagon secretion by GLP-1 is abolished by somatostatin antibodies and a somatostatin receptor 2 antagonist, respectively [74] . Regardless of the precise mechanism, the inhibitory effect of GLP-1 on glucagon secretion in vivo is only observed at glucose levels at or above fasting levels. In graded hypoglycemic clamp studies (in humans), the inhibitory effect of GLP-1 is lost at glucose levels just below normal fasting levels, and the normal stimulation of glucagon secretion at hypoglycemic levels is unimpeded by GLP-1 [75] . In contrast, glucagon suppression is progressively enhanced at higher glucose levels [72] .
GLP-1 receptor agonists
In agreement with the effects of native GLP-1 on glucagon secretion described above, treatment with GLP-1 receptor agonists provides clear-cut reductions in glucagon [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] . Repeated administration in diabetic patients leads to reductions in glucagon in both the fasting and postprandial state. Notably, insulin and C-peptide responses during long-term treatment are relatively unchanged or even lowered, athough these drugs have originally been developed because of their powerful insulinotropic effects [76] . This has been ascribed to the lower levels of glycemia induced by the treatment and a consequent normalization of glucose-to-insulin ratio. Also, the slowing effect of GLP-1 on gastric emptying seems to decrease over time [86, 87] .
Therefore, the glucose-lowering effects of GLP-1, in the setting of unchanged insulin levels and gastric emptying, points to a substantial role of the glucagonostatic effect in this treatment modality. The relative contribution of these separate mechanisms during long-term treatment with GLP-1 receptor agonists has not been reliably quantified. However, in a recent study, the relative contributions of the insulinotropic and glucagonostatic effects of short-term intravenously administered native GLP-1 was quantified in patients with type 2 diabetes [88] . This was elegantly done by measuring the glucose response to a pharmacological dose of GLP-1, and comparing this measure to situations with either elevated insulin (without glucagon suppression) or glucagon suppression (without elevated insulin) using somatostatin clamps on separate days. The insulinotropic effect and the glucagonostic effect were found to contribute equally to the overall glucoselowering effect of GLP-1 [88] . Possibly, this reflects the equal contribution of decreased endogenous glucose production and increased peripheral disposal to the glucose-lowering effect of GLP-1 in patients with type 2 diabetes.
Dipeptidyl peptidase 4 inhibitors
In addition to increasing intact levels of GLP-1, inhibition of DPP-4 was also expected to affect glucagon levels through elevated levels of the other incretin hormone, GIP, which has renowned glucagon-releasing effects [3, 89, 90] . However, the glucagonostatic effects of GLP-1 prevails. Besides the improvements in plasma glucose and HbA1c, trials of DPP-4 inhibition in patients with type 2 diabetes convincingly demonstrate that glucagon levels are reduced [77, [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] .
The suppression of glucagon is observed with both acute [103, 104] and chronic treatment [77, [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] . Some studies have demonstrated clear dose-dependency with regard to restraining postprandial glucagon responses [101, 104, 105] . One study has even demonstrated lowering of fasting glucagon levels as a dose-dependent effect [97] . Others did not report clear dose-dependent effect (probably as a consequence of low assay sensitivity) [96, 102] , but reported clearly lower glucagon levels compared to placebo. Thus, the glucagonostatic effect is a consistent finding across the various applications of DPP-4 inhibitors, and could be considered a class effect.
Considering the alpha-cell-related effects of DPP-4 inhibition, it has recently been demonstrated that treatment with a DPP-4 inhibitor increases the glucagon response to a hypoglycemic clamp, besides providing the expected suppression of postprandial glucagon levels [95] . Thus, DPP-4 inhibition could help to enhance alpha-cell responsiveness to both the suppressive effects of hyperglycemia and the stimulatory effects of hypoglycemia [95] . The latter effect could be explained by increased levels of GIP contributing to enhanced glucagon secretion and thereby the low risk of hypoglycemia associated with DPP-4 inhibitor treatment.
Pramlintide
Amylin, also called islet amyloid polypeptide (IAPP), is a 37-amino acid peptide hormone cosecreted with insulin from the beta-cells of the pancreatic islets (in concentrations 100 fold less than insulin). Pramlintide is a synthetic analogue of IAPP and differs by replacement with proline at positions 25 (alanine), 28 (serine), and 29 (serine). Pramlintide was approved in the United States in 2005 for treatment of both type 1 diabetes and type 2 diabetes as an adjunct treatment in patients who are using mealtime insulin and have failed to achieve desired glucose control despite optimal insulin therapy. Currently, amylin is not approved for use in the European Union.
In humans, IAPP inhibits meal-related glucagon secretion without effects on hypoglycemic stimulation of glucagon secretion [106] . Also, amylin suppresses gastrointestinal motility and food intake [107, 108] , which contributes to improved postprandial glycemia. The mechanism of glucagon suppression has been reported to be extrinsic to the pancreatic islet as it does not occur in isolated islets or isolated perfused pancreata [109] . However, others have reported a direct intra-islet inhibitory effect of IAPP on glucagon secretion [110] . Nevertheless, evidence suggests that the pivotal receptors conveying the actions of amylin are situated in the area postrema [111] , a periventricular structure in the hindbrain, unprotected by the blood-brain barrier and critical for sensing and integrating peripheral and central meal-related signals.
Clinical studies with pramlintide have shown similar glucagon-suppressive effects caused by native amylin and pramlintide [112] . Several clinical trials of pramlintide in patients with type l diabetes [113] [114] [115] [116] [117] and in patients with type 2 diabetes [118] [119] [120] [121] have demonstrated robust postprandial glucagon-suppressive effects in combination with dose-dependent reductions in HbA1c of around 0.4-0.7% and weight loss of around 1 kg, with treatment durations of 3-12 months. Thus, the efficacy of pramlintide seems to be clinically relevant. However, the relative contribution of the positive effects, i.e. inhibitory effects on glucagon release, gastric motility, and appetite, are largely unrevealed.
Perspectives
Convincing evidence from preclinical and human physiological studies has demonstrated the applicability of targeting the pancreatic alpha-cell and its main secretory product, glucagon, in the treatment of type 2 diabetes. With many promising data in preclinical and early clinical studies, Gcgr antagonists now have to prove their efficacy and safety in larger randomized controlled trials. Several notes of caution have been raised, including the increase in recovery time from hypoglycemia in combination with elevated liver transaminases and LDL cholesterol observed in clinical trials (not foreseen in preclinical studies). The data on body weight gain and increased blood pressure, although insufficient, call for caution as well.
Furthermore, concerns raised on preclinical models regarding uncontrolled alpha-cell growth and development of pancreatic neuroendocrine tumors in mice lacking functional Gcgrs are supported by some clinical data. The casuistic reports of patients with defective Gcgrs presenting with abdominal tumors are concerning and suggest that complete and glucose-independent antagonism of glucagon signaling is not an optimal way to dampen endogenous glucose production. Recently, the fact that the clinical development of some of the Gcgr antagonists has been abandoned because of safety issues raised new concerns for other Gcgrs in development.
Meanwhile, readily available pharmacological agents targeting the alpha-cell in a glucosedependent fashion together with tackling some of the other pathophysiological traits of type 2 diabetes could be a better alternative. In this regard, incretin-based therapy, as well as inhibiting endogenous glucose production and possibly providing improved alpha-cell response to hypoglycemia, could also provide cardiovascular risk reductions in several ongoing trials. The placement of the glucagonostatic effect and provision of long-term outcomes and durability of pramlintide in treating of type 2 diabetes could benefit from further clarification. Thus, for now, the inappropriate glucagon secretion in type 2 diabetes seems most favorably addressed by employing incretin-based treatment. Moreover, these agents have the greatest potential to provide improvements in quality of life and life span of patients with type 2 diabetes, which is the prerequisite modern standard for new antidiabetic treatment options.
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